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ABSTRACT
Computational Fluid Dynamics and Fluid Structure Interaction Research on Flow in a Glenn
Shunt and a Flexible Tube and on a Cantilevered Plate
by
Chunhui Wang
Master of Science in Mechanical Engineering
Washington University in St. Louis, 2021
Research Advisor: Professor Ramesh K. Agarwal
This thesis employs Computational Fluid Dynamics (CFD) simulation technology to solve three
flow problems: (1) Blood flow in a Bidirectional Glenn Shunt and a combined Bidirectional
Glenn Shunt (BGS) and Blalock-Taussing (BT) Shunt. This shunt is used to address the problem
of Cyanosis or “Blue Baby Syndrome,” which is an infant disorder that affects the newly born
babies whose skins turn blue or purple because of lack of necessary blood flow between heart
and lung due to pulmonary vascular blockage. The goal of this study was to evaluate the
performance of BGS and combined BGS+BT shunt in achieving the desired blood flow rate
between the innominate veins and left and right pulmonary arteries by BGS and between right
ventricle and left and right pulmonary arteries by BT shunt. Other important flow field
parameters such as Wall Shear Stress (WSS) were also investigated, (2) Pulsatile blood flow in a
flexible tube by considering the effect of Fluid-Structure Interaction (FSI) between the tube wall
and the blood flow. Simulations for pulsatile flow in a rigid tube were also performed for
validation against the well-known analytical Womersley solution, and (3) FSI simulation and
validation of flow field of a cantilevered plate for which experiments were performed in the

xiii

FLOTEK 1440 wind tunnel at different angles of attack and Reynolds numbers. Good agreement
between the FSI simulations and experimental data was obtained. All three 3D models were
created using CAD software SolidWorks. The meshing, computational setup and analysis were
conducted using the commercial CFD software ANSYS Fluent, CFD POST and ANSYS Static
Structural and data processing software with MATLAB and Microsoft Excel.

xiv

Chapter 1 Introduction
This thesis describes the research on three topics: (1) CFD Modeling of Blood Flow in a
Bidirectional Glenn Shunt and a Combined Glenn and Blalock-Taussig Shunt, (2) Simulation of
Pulsatile Blood Flow in a Flexible Tube, and (3) Simulation and Validation of Fluid Structure
Interaction on a Cantilever Plate. The results of research are described in Chapters 2, 3 and 4
respectively. This chapter gives an overview of problem and research conducted on these three
topics.

Overview of Research Topics
1.1 Blood Flow in a Blalock-Taussig Shunt and
Bidirectional Glenn Shunt
1.1.1 Blalock-Taussig (BT) Shunt
Cyanosis, also called Blue baby syndrome, is a common infant disease. The name cyanosis
was originally derived from the Greek word for blue, which is cyan. Patients show bluish
discoloration of mucous membranes on skin due to lack of oxygen saturation level. The bluish
color results from the accumulation of large amount of deoxyhemoglobin cells. New born babies
with congenital heart defects, especially Hypoplastic Left Heart Syndrome (HLHS), usually
exhibit a high mortality rate. Since part of the defected heart is not growing normally (due to
cardiovascular embolism or stenosis), it makes blood pumping from heart to lung quite difficult.
Lack of pumping blood towards pulmonary artery causes insufficient hemoglobin oxygen
saturation level and consequently inadequate pulmonary artery growth. Time is required for
1

cyanosis babies to grow the narrowed vessels/veins. Therefore, to avoid further deterioration or
suffocation, a new vessel is needed to stream blood from heart to lung and to provide enough
oxygen for infants.
The Blalock-Taussig (BT) shunt procedure is a surgical operation to increase blood flow
from heart to the lungs. The implanted BT shunt creates a pathway between aorta (subclavian
artery) and right pulmonary artery (RPA). The operation is generally performed on 4-6 months
old babies with pulmonary stenosis or atresia. Although the shunt procedure is only a
temporarily palliative repair for arteriosus blockage, it allows time for children to grow so that a
permanent repair can be performed. The standard BT shunt procedure is shown in Figure 1.1.
A BT shunt acts as a temporary connection to bypass the pulmonary vascular system. The
normal new born babies have lungs filled with air and blood streams into the pulmonary arteries
carrying the oxygen to the lungs. However, for children with congenital cardiovascular defects or
blockage, various vessels are not properly integrated and the blood cannot move into the
pulmonary arteries to oxygenate the lungs. Consequently, the lack of oxygen in lungs by blood
leads to cyanosis and in more severe cases death.
The shunt implant is not a guaranteed fix for cyanosis in infants. It does not fix the defective
part of the pulmonary system, but it provides a pathway for blood flow transfer to the pulmonary
arteries and allows time for babies to grow, and it is a pain-relieving procedure. The size
(diameter and length) of the BT shunt can vary from patient to patient. After the BT shunt
implant, some babies may still have symptoms of cyanosis to some degree, and therefore close
monitoring is still needed from parents at home. Due to the fast regeneration of tissues and vessel
growth in children, additional shunt replacement may be necessary at a later stage to increase the
blood flow rate based on the vessel growth.
2

Figure 1.1: Modified BT shunt procedure from Reference [1]
One of the most important hemodynamic variables to determine whether a shunt is
functioning properly inside the vascular system is the wall shear stress (WSS). Flow velocity,
shunt geometry, shunt material and temperature all have influence on the wall shear stress. Areas
with high flow fluctuations can lead to high wall shear stress and areas with flow separation can
lead to low wall shear stress. Low wall shear stress can cause platelets aggregation and this
situation mostly occurs at the throat of stenosis. High wall shear stress can lead to undesirable
deformation of the vessel.
Abnormal wall shear stress becomes a signal to activate platelet aggregation. Depending on
the time the platelets are exposed to abnormal WSS (either too high or too low), platelets will get
activated and the signals are passed on to other platelets in the surroundings. The chain of
3

activation causes the cellular group to form clots. If the diameter of the clot exceeds the shunt
diameter, thrombosis will form and blood flow will be stopped. If the diameter of the clot is less
than the shunt diameter, the clot will flow out of the shunt and may create tissue damage.
Furthermore, a sharp transition in wall shear stress (e.g. from high WSS to low WSS) may also
lead to platelet aggregation or thrombosis with even higher possibility [2]. Therefore, the goal of
a good shunt and shunt procedure is also to smooth the wall shear stress transition as much as
possible and equalize the blood flow rates between right and left pulmonary arteries.

1.1.2 Bidirectional Glenn Shunt (BGS)
From medical perspective, patients who suffer from arteriosus thrombosis or blockage
experience insufficient blood transfer to right and left pulmonary arteries. Therefore, using only
BGS may not be adequate to provide sufficient blood to both the pulmonary arteries. Therefore,
most treatments employ a BGS connected to RPA and an additional BT shunt connected to LPA
to increase the blood flow to lungs.
The purpose of this research is to provide an insight into how different shunts individually
and in combination influence the hemodynamics of arteriosus vascular system using the tools of
computational fluid dynamics (CFD). The primary focus is to show the effect of a BT shunt
along with BGS on blood flow in vascular system by computing the hemodynamic flow
variables such as pressure, velocity and flow rates and specifically the variation in WSS. The
shunts chosen include Glenn shunt [3], a BT shunt and an optimized BT shunt developed by
Hess, Hoganson and Agarwal, designated as HHA shunt [2]. The vascular models are created
using CAD software SolidWorks with parameters obtained from real patient cases. ANSYS
FLUENT is used to conduct the numerical simulations. The following models are considered: (1)
arteriosus system with Glenn shunt and simple BT shunt; (2) arteriosus system with Glenn shunt
4

only (without simple BT shunt); (3) shunts with left pulmonary artery diameter different from
right pulmonary artery diameter; (4) shunts with left pulmonary artery diameter same as the right
pulmonary artery diameter; and (5) arteriosus system with Glenn shunt and optimized BT shunt.
The optimized BT shunt is inspired from Hess-Hoganson-Agarwal (HHA) shunt model [2]. The
HHA model is a BT shunt model created by Mr. Hess, Dr. Hoganson, and Dr. Agarwal.

1.2 Pulsatile Blood Flow in a Flexible Tube
Computational fluid dynamics is currently at a reasonably mature stage such that it can be
used in planning surgical operations and in other clinical aspects [4]. The accuracy and reliability
of computational simulations is very important in using it for realistic patient specific
cardiovascular models. Blood vessels are flexible and deform under pressure due to blood flow.
Blood velocity, pressure distribution and wall shear stress are important parameters to monitor
the hemodynamics of deformable blood vessels. The purpose of this part of research is to
conduct simulation and validation of blood flow in a simple artery model – a flexible cylindrical
tube. Fluid structure interaction between blood flow and tube wall is considered due to pulsatile
flow and the results of simulation are compared with those available in the literature. In addition,
simulations are also performed for a tube with stenosis with area reduction to analyze the
hemodynamics a healthy vs. diseased vessel.

1.3 Fluid Structure Interaction on a Cantilever Plate.
Fluid structure interaction (FSI) has become an important area of research since it requires
the coupling of computational fluid dynamics and structural analysis. This part of research
studies the FSI simulation and validation of flow over a cantilevered plate for which experiments
were performed in FLOTEK 1440 wind tunnel. The 3D model is meshed and analyzed using
5

ANSYS FLUENT, CFD POST and ANSYS STATIC STRUCTURAL analysis codes. The effect
of Reynolds number and angle of attack is examined on the strain, stress and deformation of the
plate. The simulations are compared with experimental data from Reference [5].

1.4 References
[1] Shah, H., 2019, “BT Shunt Surgery Cost in India: Palliative Pediatric Cardiac Surgery in
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Chapter 2 CFD Modeling of Blood Flow in a
Bidirectional Glenn Shunt and a Combined
Glenn and Blalock-Taussig Shunt
2.1 Introduction
Cyanosis, also called the Blue baby syndrome, is a common infant disease. New born
babies with congenital heart defect, especially Hypoplastic Left Heart Syndrome (HLHS),
usually exhibit a high mortality rate. Since some part of the heart is not growing normally, it
makes pumping of blood from heart to lung quite difficult. Lack of blood inside the pulmonary
artery causes insufficient hemoglobin oxygen saturation level and inadequate pulmonary artery
growth. The Glenn shunt or Blalock-Taussig (BT) shunt procedures are mostly applied to 4-6
months old babies with pulmonary stenosis or atresia. Although the shunt procedure is only a
temporarily palliative repair for arteriosus blockage, it allows time for children to grow so that a
permanent repair can be eventually performed. From medical perspective, patients who suffer
from arteriosus thrombosis or blockage experience insufficient pumping of blood. Sometimes,
using only one BGS may not pump enough blood into the pulmonary artery. Thus, most
treatments employ a BGS connected to Right Pulmonary Artery (RPA) and an additional BTS
connected to Right Pulmonary Artery (LPA) to increase blood flow to lungs.
One of the most important indicators to determine whether a shunt is performing well
inside the human vascular system is wall shear stress (WSS). Flow velocity, shunt geometry, and
shunt material all have influence on the wall shear stress. Areas with high velocity fluctuations
inside a shunt can generally lead to high wall shear stress and areas with flow separation usually
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lead to low wall shear stress. Low shear stress regions may cause platelets aggregation; this
situation generally occurs near the throat of the stenosis. Abnormal wall shear stress is a signal to
activation of platelet aggregation. Once activated, platelets come together and form clots. If the
diameter of the clot formation exceeds the shunt diameter, thrombosis occurs and blood flow is
stopped. If the diameter of the clot formation is less than the shunt diameter, the clot will flow
out of the shunt and may create tissue damage. Furthermore, sharp tendency of wall shear stress
transition from high WSS to low WSS may lead to platelets aggregation or thrombosis with an
even higher possibility [1]. Therefore, the goal of shunt design and shunt procedure is to have
smooth variation in the wall shear stress inside the shunt as much as possible, and equalize the
blood flow rates between RPA and LPA.
The goal of research described in this chapter is to provide an insight into the blood flow
hemodynamics in BGS and BGS+BTS using computational fluid dynamics (CFD). The main
focus of the paper is to evaluate the effect of BGS and BGS+BTS with high velocity blood flow
in vascular system, in particular on WSS variation inside the shunts and flow rates in RPA and
LPA. Flow velocity, flow rate and wall shear stress distributions are computed and compared.
The shunts chosen include the Blalock-Taussig shunt (BTS) [1] and Bi-directional Glenn shunt
(BGS) [2]. The vascular models are created using CAD software SolidWorks with parameters
taken from a real patient case. ANSYS Fluent is used to conduct the CFD simulations. Figure 2.1
shows a diagram of Glenn shunt procedure and Fig. 2.2 shows the diagram Blalock-Taussig
shunt procedure.
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Glenn Shunt

Figure 2.1: Glenn shunt location from Reference [3]

Figure 2.2: Blalock-Taussig shunt procedure from Reference [4]
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The simulation models considered consist of the following categories: (1) arteriosus system with
Glenn shunt and a simple BT shunt; (2) arteriosus system with Glenn shunt without a simple BT
shunt; (3) shunts with left pulmonary artery diameter different from right pulmonary artery
diameter; (4) shunts with left pulmonary artery diameter same as the right pulmonary artery
diameter; and (5) arteriosus system with Glenn shunt and an optimized BT shunt. The optimized
BT shunt is the HHA (Hess-Hoganson-Agarwal) shunt described in Ref. [1].

2.2 Computational Methodology
2.2.1 Overview
As a powerful analysis tool, CFD can be widely used to solve for Navier-Stokes equations,
especially for extremely sophisticated fluid flow systems, in a relatively short period. Most CFD
approaches include: preprocessing, simulation and post result processing. Preprocessing starts
with 3D CAD model creation. The model is then imported into CFD software. The model is
assigned with names among all selected sections and defined with fluid domain and solid domain.
The mesh can be controlled with different element sizing, uniformity, and cell types (pyramidal,
quadratic or polyhedral) depending on different geometric characteristics and precision needs. In
the simulation stage, the proper algorithm and governing equation are specified for the fluid flow
calculation. Momentum equations using static or transient solver can all be solved separately or
they can be coupled and solved simultaneously together, but it requires more computer CPU;
however, the results are more accurate. The post processing step creates velocity, wall shear
stress contours, streamlines, velocity vectors, and fluid flow animation etc. Flow quantities such
as average, minimum and maximum shear stress are also determined in post processing step.
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2.2.2 Geometry Modeling
The 3D model creation is completed using CAD software SolidWorks. The separate parts of
the Glenn shunt model are created first. Draft sketches for all parts are created based on real
patient model data from literature. Surface extrusion is used to create hollowed surface part files
including every single artery vein, modified BT shunt and the Glenn shunt. The dimensions of
the Glenn model shunt are shown in Fig. 2.3. Two branches of IJV both are 6.9 mm in diameter
and 20 mm in length. The two branches of SCV are 4.9 mm in diameter and 20 mm in length.
The INV is 9.8 mm in diameter; left INV is 32 mm in length and right INV is 32 mm in length.
The BGS - SVC is 12.5 mm in diameter and 39 mm in length. The mBTS is 4 mm in diameter
and 40 mm in length. The optimized HHA BT shunt is 4.5 mm in diameter and 38 mm in length.
The RPA is 9 mm in diameter. Each side of the PA has two outlets, upper outlet diameter is 4.5
mm, lower outlet diameter is 7 mm, and the length is 24.5mm for both. There are two types of
PAs: healthy PA and stenosed LPA. For healthy PA, both the LPA and RPA are 9 mm in
diameter and 24.5 mm in length; for stenosed PA, the RPA remains of the same dimension, but
the LPA is 5.1 mm in diameter and 24.5 mm in length. The cross-sectional area around the inlet
is reduced by stenosis.
The first step is to create IJV, SCV, INV, SVC, mBTS, and PA surface 3D parts separately
using SolidWorks function Surface Extrusion. The symmetric hollowed cylinder shape for IJV or
mBTS is relatively easy to create, but for SCV or INV the curvature is created first by the Spline
feature in SolidWorks to complete a 2D curve sketch, then at the start point of the curve a
perpendicular reference plane is created using Reference Geometry-Plane function in the Feature
tab. Then a 2D circle is created on this reference plane to represent the inlet of SCV or INV. The
surface part is created by the Loft function to select the circle as Profiles and curve as Guided
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Curves. Once all surface extruded parts of separate veins and shunts are created, they are saved
as SolidWorks Part files. Once every artery and shunt file is created, the next step is to export all
the separate part files into SolidWorks Assembly by Insert Components function. Once all part
files are exported into one assembly window in SolidWorks, they are assembled together by
manually dragging and rotating the components using the Move Components and Rotate
Components function roughly at the first stage. Manual movement might not be accurate enough
to align the veins and shunts exactly straight or perpendicular enough depending on the needs.
Reference planes are created according to the geometry to apply an aligning standard to help the
model integrated and to result in a relatively better position. Half of the arteries and shunts are in
perpendicular or parallel direction. Mate function is used to create parallel and perpendicular
locations for a shunt or vein. Once all alignment work is done, the next step is to get rid of all the
overlapping parts of the model. Since previously all shunts and veins are manual assembled,
there are overlapping parts at the intersection of two separate parts. Special check and steps are
taken to make sure the intersection faces between any two separate structures have no open gaps.
Surface Trim function is used to remove all overlapping parts. The purpose of surface trim is to
make sure CFD simulation run well when importing the SolidWorks files into ANSYS since
overlapping geometry causes error while running CFD in ANSYS Fluent. After the surface
trimming step, the model is almost complete. Fillet surface may be added to where the curvature
is too close to 0 because a 0 curvature is also a factor in causing error in CFD calculations. Since
the model is integrated by different parts, Surface Fill function is used to seal every inlet and
outlet of this 3D model. This way the model is completed as a sealed 3D part file and it will then
be good enough to import into ANSYS Fluent for further setup and computation. After filling all
surfaces, inlets and outlets names and boundary conditions can be defined by ANSYS FLUENT.
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If some part of the model is geometrically complicated and tiny gaps exist so that there are some
tiny holes in the intersection part, these open defects will also run into error in ANSYS FLUENT,
and Surface Knit function can be used to fill easily the unseen tiny gaps of the surface fill by
simply selecting the surfaces that are intersected to make sure the model is well surfaced. For
CFD analysis with artery walls, the surface walls need to be 3 dimensional rather than just a 2D
surface. Surface Thickening function is used to create thickness of the artery for 3D wall
formation. Addition of thickness to artery and shunt walls can also make the model to be fitted
into FSI application. The material property of artery wall and shunt wall can be set up later in
ANSYS FLUENT, and the software is capable of perform FSI calculation to get interaction force,
stress, and strain/deformation between blood flow and every artery wall and shunt wall. The
thickness and shape of the thickening wall is manually controlled. The inner void can be filled
with Fill function to represent blood flow fluid domain. Adjustment may be required when filling
the inner voids due to unwanted curvature of the inside artery wall. The models are now
complete, and they need to be saved as Step files in order to be imported into ANSYS FLUENT
(since ANSYS FLUENT cannot take SolidWorks part or assembly files). Six different models
are created as shown in Fig. 2.4.
Once the models are imported in ANSYS FLUENT, name selections are created in order
to set up CFD analysis procedures. Groups of name selection help ANSYS better identify inlet,
outlet and wall surface prior the CFD analysis process. The software can detect inlet, outlet and
wall feature as long as the name include INLET, OUTLET, and WALL words. Each surface of a
3D model is given a specific name with inlet, outlet, or wall containing in the name content. In
the 3D version of Glenn shunt models, the inlet name groups include: L-IJV, R-IJV, L-SCV, R-
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SCV, and mBTS, the outlet groups include: upper and lower branches for both LPA and RPA, as
shown in Fig. 2.3; the wall faces are all vein and shunt outer surfaces.

Figure 2.3: 3D Model components of BGS +mBTS - diameter and length; (unit: mm) from
Reference [2]
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Figure 2.4: 3D models from top left to right show the geometries of six cases considered in
the simulations: (1) BGS + mBTS with LPA diameter of 5.1 mm, (2) BGS + mBTS with
LPA diameter of 9 mm, (3) BGS with LPA diameter of 5.1 mm without BTS, (4) BGS with
LPA diameter of 9 mm without BTS, (5) BGS + HHA-BTS with LPA diameter of 9.0 mm
and (6) BGS + HHA-BTS with LPA diameter of 5.1 mm

2.2.3 Meshing
The 3D models are meshed in ANSYS Fluent. Each model is meshed with chosen body sizing
and face sizing to ensure the meshing quality is fine enough to produce accurate results. The
body sizing sets the maximum distance between nodes and maximum dimension of the surface
of the mesh. The selected body sizing is 0.6 mm, and the face sizing is 0.4 mm. With this
standard of mesh sizing, the models are meshed into over 1,010,000 elements, with over 195,000
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nodes. Figure 2.5 shows the mesh generated inside the six models. It cannot be seen because of
high mesh density.

Figure 2.5: (1) BGS-mBTS model mesh with LPA diameter of 9.0 mm, (2) BGS model mesh
with LPA diameter of 9.0 mm, (3) BGS-mBTS model mesh with LPA diameter of 5.1 mm,
(4) BGS model mesh with LPA diameter of 5.1 mm, (5) BGS HHA-BT model mesh with
LPA diameter of 9.0 mm and (6) BGS- HHA BT model mesh with LPA diameter of 5.1 mm

2.2.4 Boundary Conditions
Once the meshing step is done, boundary condition setup is conducted on all inlets, outlets
and boundary walls. Here in this case, all inlets are set as velocity inlets, and all outlets are set as
pressure outlets. The inlet and outlet boundary conditions are referenced from Pediatric
Cardiology study [2]. The left IJV inlet has velocity of 0.1382 m/s. The right IJV inlet has
velocity of 0.1248 m/s. The left SCV inlet has velocity of 0.1944 m/s. The right SCV inlet has
velocity of 0.1679 m/s. The modified and optimized HHA BT shunt both have inlet velocity of 3
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m/s. Left and right pulmonary artery both have gauge pressure of 1600 Pascal. Blood fluid is set
as an incompressible fluid. The density of blood is 1060 kg/m^3, and viscosity is 0.0035 kg/
(m*s). Shunt and vessel walls are set as impermeable and rigid. Fluid pressure is described in
Pascal (Pa) unit, volumetric flow rate is used in L/min unit, flow velocity is used in m/s unit,
length, and diameter of vessel and shunt are used in mm unit. The boundary conditions are given
in Table 2.1.
Table 2.1: Boundary conditions for inlets velocity (m/s) and outlet pressure (Pascal)

2.3 Results
2.3.1 Overview
Results of simulation are presented in this section. The results include wall shear stress, and
velocity at various locations in the models since these are the most important two hemodynamic
factors of interest in cardiovascular clinical applications. The values of WSS and velocity are
calculated using ANSYS Post Results. Additional planes are created inside the model for data
collection purpose and to specify the calculation range in order to get specific results in certain
regions e.g. the CFD results at different locations of the BT shunt. Average, minimum and
maximum values of WSS and flow velocity are collected for all six model combinations of
shunts and arteries and the results are exported into Microsoft Excel table for comparison. Table
2.2 shows wall shear stress (WSS) within SVC, LPA, RPA and shunt including average,
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minimum and maximum values, unit is in Pa. Table 2.3 shows the flow velocity within SVC,
LPA, RPA and shunt including average, minimum and maximum values, unit is in m/s.
Table 2.2: Wall shear stress within SVC, LPA, RPA and shunt including average,
minimum and maximum values, unit: Pa

Table 2.3 Flow velocity within SVC, LPA, RPA and shunt, including average, minimum
and maximum values, unit: m/s

2.3.2 BGS Arteriosus System with Glenn Shunt and Simple BT
Shunt
The velocity contours and wall shear stress contours are shown in Figs 2.6-2.9. The SVC has
an average wall shear stress of 0.835 Pa. The maximum wall shear stress on SVC is 6.65 Pa. The
pulmonary arteries show bigger magnitudes of wall shear stress. For LPA, the average WSS is
36.38 Pa, and the maximum WSS is 202.89 Pa. The RPA has a slightly higher value of average
WSS 37.143 Pa and the maximum value of WSS is 208.9 Pa. The highest WSS appears on the
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modified BT shunt. The average WSS on mBT-shunt is 61.129 Pa, and the maximum WSS is
263.572 Pa.
For the velocities, LPA and mBTS show much larger values compared to RPA and SVC. The
average velocity in LPA is 0.351 m/s, and the average velocity in mBTS is 2.732 m/s. The
average velocity in RPA is 0.19 m/s, and the average velocity in SVC is 0.204 m/s. The
maximum velocity in LPA is 2.24 m/s, and the maximum velocity in mBTS is 4.43 m/s. The
maximum velocity in RPA is 0.63 m/s, and the maximum velocity in SVC is 1.44 m/s. The
mBTS has both maximum velocity and WSS in the model.

Figure 2.6: (1) Velocity streamlines in BGS+mBTS model with LPA of 9 mm diameter,
mBTS have higher velocity; (2) wall shear stress contours in BGS+mBTS model with LPA
of 9 mm diameter, the shunt and LPA bottom face have high value of WSS
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Figure 2.7: (1) velocity contours, (2) wall shear stress contours inside BGS, the flow at
bottom of SVC interacts with flow from mBTS and vortices are created, (3) velocity
streamlines in BGS+mBTS model with LPA of 9 mm diameter, the bottom part of LPA
connecting to mBTS has maximum WSS of 184 Pa, (4) velocity contours inside mBTS, flow
velocity is high in the central part and flow separation and vortices occur at bottom of
mBTS; (5) WSS on bottom of PA connecting with SVC

Figure 2.8 (a) Velocity vectors in BGS+mBTS model within mBTS, (b) velocity contours
within mBTS at top, middle and bottom section
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Figure 2.9: Velocity contours in pulmonary artery at locations 1 and 2, unit: m/s

2.3.3 BGS Arteriosus System with mBTS and LPA Diameter of 5.1
mm
The velocity contours and wall shear stress contours are shown in Figs. 2.10-2.13. The SVC
has an average wall shear stress of 1.017 Pa. The maximum wall shear stress on SVC is 35.03 Pa.
The pulmonary arteries and mBTS show bigger magnitude of wall shear stress. For LPA, the
average WSS is 84.66 Pa, and the maximum WSS is 218.06 Pa. The RPA has a quite low value
of average WSS 15.21 Pa and the maximum value of WSS is 131.085 Pa. The highest WSS
appears on the modified BT shunt. The average WSS on mBT-shunt is 59.21 Pa, and the
maximum WSS is 225.75 Pa. Compared to the previous case, narrower LPA causes WSS on
RPA to be smaller, and WSS on LPA is much larger with narrower LPA.
For the velocities, LPA and mBTS show much larger values compared to RPA and SVC.
The average velocity in LPA is 0.635 m/s, and the average velocity in mBTS is 1.4362 m/s. The
average velocity in RPA is 0.218 m/s, and the average velocity in SVC is 0.203 m/s. The
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maximum velocity value in LPA is 2.11 m/s, and the maximum velocity in mBTS is 4.19 m/s.
The maximum velocity in RPA is 0.924 m/s, and the maximum velocity in SVC is 0.912 m/s.
The mBTS experiences both maximum velocity and WSS within the model. Compared to the
previous case, narrower LPA results in slightly lower velocity in mBTS and SVC, but higher
velocity in RPA.

Figure 2.10: (1) Streamlines in mBTS model with LPA of 5.1 mm diameter, (2) wall shear
stress in mBTS model with LPA of 5.1 mm diameter
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Figure 2.11 (1) Velocity contours, (2) wall shear stress contours inside BGS, the flow at
bottom of SVC interacts with flow from mBTS and vortices are created, (3) streamlines in
mBTS model with LPA of 5.1 mm diameter; on bottom part of LPA connecting to mBTS,
maximum WSS is 202 Pa, (4) velocity contours inside mBTS, flow velocity is high in the
central part and separated flow region with vortices is created at bottom of mBTS; (5)
WSS at bottom of PA connecting with SVC

Figure 2.12: Veclocity contours inside mBTS at locations 1, 2 and 3, narrower LPA makes
velocity within mBTS bigger and more concentrated, unit: m/s
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Figure 2.13: Velocity contours inside pulmonary artery at locations 1, 2 and 3, unit: m/s

2.3.4 BGS with Left Pulmonary Artery and Right Pulmonary Artery
Diameter of 9 mm without BT Shunt
The velocity contours and wall shear stress contours are shown in Figs. 2.14-2.17. The
highest WSS appears in the SVC. The SVC has an average wall shear stress of 0.90 Pa. The
maximum wall shear stress in SVC is 6.77 Pa. The pulmonary arteries even show smaller
magnitude of wall shear stress than SVC. For LPA, the average WSS is 1.21 Pa, and the
maximum WSS is 5.67 Pa. The RPA has a value of average WSS 1.23 Pa and maximum value of
WSS is 5.85 Pa. Compared to the previous case, SVC, LPA and RPA all show much lower WSS
without mBTS; SVC has slightly higher WSS value but the overall WSS value has much smaller
magnitude than system with mBTS.
For the velocities, LPA, RPA and mBTS all show smaller values of velocity. The average
velocity in LPA is 0.119 m/s, and the average velocity in RPA is 0.09 m/s. The average velocity
in SVC is 0.164 m/s. The maximum velocity value in LPA is 0.27 m/s, and the maximum
velocity in RPA is 0.24 m/s. The maximum velocity in SVC is 0.302 m/s. Compared to the
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previous case, the velocity values are reduced nearly 10% of the velocity values of systems with
mBTS for both LPA diameters.

Figure 2.14: (1) Streamlines without mBTS, unit: m/s, (2) wall shear stress contours, unit: Pa

Figure 2.15: (1) Velocity contours within SVC, higher velocity is concentrated in upper
part of SVC unit: m/s; (2) velocity contours, unit: m/s; (3) velocity vectors within the model
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Figure 2.16: Velocity contours within SVC at locations at 1, 2, and 3, unit: m/s

Figure 2.17: Velocity contours at RPA (1) and LPA (2), unit: m/s

2.3.5 BGS with Left Pulmonary Artery Diameter of 5.1 mm without
BT Shunt
The velocity contours and wall shear stress contours are shown in Figs. 2.18-2.22. The
highest WSS appears in the RPA. The RPA has an average wall shear stress of 2.01 Pa. The
maximum wall shear stress in RPA is 11.0 Pa. For LPA, the average WSS is 1.73 Pa, and the
maximum WSS is 5.0 Pa. The SVC has a value of average WSS 0.93 Pa, and maximum value of
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WSS is 10.32 Pa. Compared to the previous case, narrower LPA results in WSS value nearly
double than wide LPA. The WSS in LPA does not change much, but SVC and RPA have
maximum WSS.
For the velocities, LPA, RPA and mBTS all show small values of velocity. The average
velocity in LPA is 0.169 m/s, and the average velocity in RPA is 0.138 m/s. The average velocity
in SVC is 0.17 m/s. The maximum velocity in LPA is 0.35 m/s, and the maximum velocity in
RPA is 0.361 m/s. The maximum velocity in SVC is 0.315 m/s. Compared to the previous case,
the velocity values remain almost the same as the velocity values in systems with bigger LPA
diameter.

Figure 2.18: (1) Streamline with LPA of diameter 5.1 mm without mBTS, unit: m/s; (2)
wall shear stress contours, unit: Pa

Figure 2.19: Wall shear stress contours at the Bottom of PA connecting with SVC,
maximum WSS is 10.98 Pa, unit: Pa
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Figure 2.20: (1) Velocity contours within SVC, unit: m/s; (2) Velocity contours, unit: m/s

Figure 2.21: Velocity contours within SVC at locations 1, 2 and 3, unit: m/s
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Figure 2.22: Velocity contours within (1) RPA, (2) LPA and RPA connecting section, and (3)
in LPA, unit: m/s

2.3.6 BGS Arteriosus System with Glenn Shunt and Optimized
HHA BT Shunt for Same PA Diameters
The velocity contour and wall shear stress contour are shown in Figs. 2.23-2.27. The SVC
has an average wall shear stress of 1.0 Pa. The maximum wall shear stress in SVC is 19.8 Pa.
The pulmonary arteries and HHA-BTS show bigger magnitude of wall shear stress. For LPA, the
average WSS is 56.23 Pa, and the maximum WSS is 187.56 Pa. The RPA has a value of average
WSS 21.4 Pa and maximum value of WSS is 78.3 Pa. The highest WSS appears in the modified
BT shunt. The average WSS in mBT-shunt is 78.4 Pa, and the maximum WSS is 270.2 Pa.
Compared to the previous case, HHA shunt results in smaller WSS on RPA but WSS on the
shunt wall, LPA and SVC is slightly larger.
For the velocities, HHA BT shunt shows much larger values than PA and SVC. The
average velocity in LPA is 0.504 m/s, and the average velocity in HHA BT shunt is 2.294 m/s.
The average velocity in RPA is 0.322 m/s, and the average velocity in SVC is 0.265 m/s. The
maximum velocity in LPA is 2.96 m/s, and the maximum velocity in HHA BT shunt is 4.32 m/s.
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The maximum velocity in RPA is 1.69 m/s, and the maximum velocity in SVC is 2.97 m/s. The
mBTS experiences both maximum velocity and WSS within the model. Compared to the
previous case, HHA results in a smaller velocity than mBTS, but velocity in LPA, RPA and SVC
is larger than the velocities in systems with mBTS.

Figure 2.23: (1) Streamline in HHA-BTS with LPA diameter of 9.0 mm, LPA is not filled
with fluid as much as RPA and the shunt flow interaction may reduce flow from SVC to
LPA, unit: m/s; (2) Wall shear stress contours in HHA-BTS, unit: Pa

Figure 2.24: (1) Velocity contours; (2) Wall shear stress contours inside BGS, the flow at
bottom of SVC interacts with flow from HHA-BTS and vortices are created, (3)
Streamlines in HHA-BTS Model with LPA of 9.0 mm diameter, on the bottom part of LPA
connecting to HHA-BTS maximum WSS is 151 Pa, (4) Velocity contours inside HHA-BTS,
flow velocity is high in the central part, and separated flow region with and vortices
appears at bottom of HHA-BTS; (5) WSS at bottom of PA connecting with SVC
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Figure 2.25: Velocity vectors plot; peak velocity appears within the shunt, unit: m/s

Figure 2.26 Velocity contours within HHA-BTS, the shunt inlet and left inner surface have
high velocity, unit: m/s

31

32

Figure 2.27: Velocity contours within RPA (1) and LPA (2), unit: m/s

2.3.7 BGS Arteriosus System with Glenn Shunt and Optimized
HHA BT Shunt with Different PA Diameters
The velocity contour and wall shear stress contour are shown in Figs. 2.28-2.31. The SVC
has an average wall shear stress of 1.04 Pa. The maximum wall shear stress in SVC is 50.0 Pa.
The pulmonary arteries and mBTS show bigger magnitude of wall shear stress. For LPA, the
average WSS is 61.8 Pa, and the maximum WSS is 232.3 Pa. The RPA has a value of average
WSS 22.4 Pa and maximum value of WSS is 71.56 Pa. The highest WSS appears in the HHA
BT shunt. The average WSS in HHA-shunt is 77.8 Pa, and the maximum WSS is 271.35 Pa.
Compared to the previous case, smaller LPA diameter makes WSS smaller on the shunt wall and
WSS in PA slightly larger, but the magnitudes are quite similar. Specifically, the WSS in SVC is
almost twice than that with a bigger LPA diameter as in the previous case.
For the velocities, HHA BT shunt shows much larger values than PA and SVC. The
average velocity in LPA is 1.43 m/s, and the average velocity in HHA BT shunt is 2.61 m/s. The
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average velocity in RPA is 0.308 m/s, and the average velocity in SVC is 0.26 m/s. The
maximum velocity in LPA is 4.6 m/s, and the maximum velocity in HHA BT shunt is 4.19 m/s.
The maximum velocity in RPA is 1.72 m/s, and the maximum velocity in SVC is 2.60 m/s.
Compared to the previous case, HHA results in a slightly smaller velocity than mBTS, but
velocity within LPA, RPA and SVC is larger than systems with mBTS. Velocity within LPA is
almost twice than the previous case. The LPA maximum velocity is even larger than that within
HHA shunt.

Figure 2.28: (1) Streamline in HHA-BTS with LPA of diameter 5.1 mm, unit: m/s; (2) Wall
shear stress contours, unit: Pa
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Figure 2.29 (1) Velocity contours; (2) wall shear stress contours inside HHA-BTS, the flow
at bottom of SVC interacts with flow from HHA-BTS and vortices are created, (3)
streamlines in HHA-BTS with LPA of 5.1 mm diameter, the bottom part of LPA
connecting to HHA-BTS has maximum WSS of 232.337 Pa, (4) velocity contours inside
HHA-BTS, flow velocity is high in central part and separated flow region with vortices is
created at bottom of HHA-BTS, (5) WSS on bottom of PA connecting SVC

Figure 2.30: Velocity contours within HHA-BTS at locations 1, 2, and 3, unit: m/s
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Figure 2.31: Velocity contours in (1) RPA, (2) PA connecting part, and (3) LPA, unit: m/s
Table 2.4 shows the comparison of present results with those in Reference [2]; they are in
excellent agreement.
Table 2.4: Comparison on computed pressure with the results in Ref. [2]; it can be
observed that an excellent agreement is obtained.

2.4 Conclusions
From the Velocity contours of various simulation cases, it can be observed that high
velocity fluid jet from an additional shunt (mBTS or HHA shunt) can interact with BGS flow to
create smoother velocity transition and distribution. The BGS without any additional shunt
35
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exhibits higher blood flow velocity, but an additional flow jet from another shunt namely the BT
shunt can reduce the velocity in BGS. The separate flow out of shunt increases WSS and velocity
gradient within pulmonary artery and SVC. The blood flow from BT shunt into LPA forms set of
inverse rotating circulating flows within LPA. Blood flow at the highest velocity always appears
at the middle part of the shunt; however, velocity values on two sides of the shunt show
relatively lower magnitudes. High or low wall shear stress can activate endothelial cells to
increase pulmonary vascular resistance and excess proliferation, which leads to vessel blockage
or thrombosis [5]. Without BT shunt, wall shear stress is 0.9 Pa in SVC and 1.2 Pa – 2.0 Pa in
pulmonary artery. Modified BT shunt results in a wall shear stress increasing to 36 Pa (85 Pa
with narrower LPA), 37 Pa (15.2 Pa with narrower LPA), and the shunt experiences about 60 Pa
WSS. Compared to mBTS, incorporation of HHA-BTS results in changes in WSS on average of
56 Pa in LPA (61.8 Pa with narrower LPA), 22 Pa in RPA and 77 Pa in shunt. Due to high flow
velocity in the shunt, the velocity distribution changes resulting in flow separation and vortices
near the connection region, which is not desirable. Therefore, a good BTS is necessary to reduce
WSS as much as possible. The performance of HHA BT shunt was found to be much better in
reducing the WSS and equalizing the blood flow rate between LPA and RPA, and mBTS
performed better in stenosis models. However, the actual shunt procedure generally depends on
the patient’s condition; the well-designed shunts can certainly improve the clinical outcomes.
Both HHA and mBTS cause an increase in WSS in pulmonary RPA. But HHA-BTS has a
smooth WSS transition from LPA to RPA, and also a relative lower magnitude of WSS. Thus,
from WSS perspective, HHA-BT shunt is a better choice for shunt in pediatric patients.
Supplementing a BT shunt in LPA, RPA produces a quite small WSS, but WSS in LPA has large
magnitude. The bottom of LPA where it connects to the shunt, the maximum wall shear stresses
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at the bottom face of LPA are 184 Pa, 202 Pa, 151 Pa and 232.337 Pa respectively. These
abnormally high wall shear stresses will activate endothelial cells within pulmonary artery to
start binding platelet glycoprotein and finally form platelet aggregation [6], which is harmful to
infant’s health. But WSS on RPA is quite normal, thus the WSS gradients from LPA to RPA is
large. However, as BT shunt delivers high velocity blood flow to LPA, it creates vortices which
cause high value of WSS in local areas within LPA. This may cause artery damage, clot
formation or blockage. One way to fix this problem is to connect the BT shunt from innominate
artery to SVC. This eases the sharp WSS transition from LPA to RPA. Future work should be to
assess the effect of BT shunt connecting INV and SVC together.
The BGS improves pulmonary blood pumping efficiency and reduces the workload of the
heart. Underdeveloped PA, especially narrowed LPA may require augmentation surgery on PA.
But the surgery is not easy to perform. Thus, good selection and supplemental technique of using
a BT shunt is a better choice for patients and will allow more times for artery growth.
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Chapter 3 Simulation of Fluid Structure
Interaction due to Pulsatile Blood Flow in a
Flexible Tube
3.1 Introduction
Blood velocity, pressure field, and Wall Shear Stress (WSS) play an important role in the
study of hemodynamic problems. In the literature, there are many studies which calculate fluid
flow considering the blood vessels as rigid wall. However, the blood vessels are made of
deformable elastic material; therefore, it is important to account for the effect of fluid structure
interactions (FSI) to accurately determine the hemodynamics of blood vessels for clinical
diagnosis. In addition, the flow is generally pulsatile due to complex waveform of the heart and
the pulsatile flow with FSI can be significantly different due to the deformability of the vessel
walls in contrast to that in a vessel with rigid walls [1]. Womersley was the first to analyze the
pulsatile blood flow in a deformable tube and provided an analytical solution. However, it is
difficult to extend the Womersley’s analytical theory to practical 3D patient specific models of
blood vessels and the numerical solutions of Navier-Stokes equations are usually timeconsuming and expensive. Among various numerical approaches, the Coupled Momentum
method has been found to be fairly accurate with relatively less computational cost.
The goal of research in this thesis is to compute the steady blood flow inside a deformable
tube employing FSI using ANSYS Fluent for the solution of Navier-Stokes equations with
ANSYS Structural Analysis software for the tube walls. The tube wall is considered deformable
with E= 4*106 dyn/cm2 and ρ = 1070 kg/m3 and the blood is considered as an incompressible
39
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Newtonian fluid. A 3D model of the tube is created using CAD software SolidWorks. The model
is simplified as a symmetric cylindrical tube. The cylindrical model is taken to be a long cylinder
with 0.3 cm radius and 12.6 cm length. In addition, the tube with stenosis is considered. The area
reduction of stenosis is set at 70% of the inlet area to simulate the case with thrombosis. The
computed results are compared and validated with those with Coupled Momentum Method
reported in the literature.

3.2 Simulation Methodology
3.2.1 Womersley’s Theory
Womersley’s theory describes the incompressible pulsatile blood flow in a deformable tube
[1]. It is briefly described below:
Blood flow in an elastic tube experiences the pressure gradient k(t) as follows:
∂P
∂z

= k(t) = k s + k ∅ (t)

(3.1)

, where k s is the steady flow pressure gradient and k ∅ represents the oscillatory part. Using the
Navier-Stokes equations and neglecting the convective terms, velocity components w and u in

axial and radial direction respectively for a cylinder of radius R in (r, z) coordinate system can be
obtained as follows:
Longitudinal velocity:
k

Radial velocity:

w = ws (r) + w∅ (r, z, t) = 4μs (r 2 − R2 ) + w∅ (r, z, t)
u = us (r) + u∅ (r, z, t) = u∅ (r, z, t)
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(3.2)

(3.3)
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where r is the radial location within the cylinder and z is a coordinate along the length of the
cylinder, and t denotes time. Firstly, we consider the case of axisymmetric rigid wall cylinder
with constant pressure gradient, Navier Stokes equation can be simplified by neglecting the
convection terms considering fully developed flow. The momentum equation for pulsatile flow
can be simplified as:
∂2 w
∂r2

1 ∂w

+r

∂r

ρ ∂w

−μ

1 ∂P

(3.4)

= μ ∂z

∂t

where 𝜇𝜇 is the viscosity and 𝜌𝜌 is the density of the fluid. Assume an oscillatory pressure gradient
∂p

= Aeiωt

(3.5)

w(r, t) = W(r)eiwt

(3.6)

∂z

where A is the amplitude and 𝜔𝜔 is the frequency of oscillatory wave.
Assume also that

Eq. (3.5) yields

d2 W
dr2

1 dW

+r

dr

−

iρω

Employing the definition of Womersley number as:

μ

A

(3.7)

W=μ

ρω

(3.8)

α = �( μ )R

Eq. (3.7) can then be written in the form of well-known Bessel’s equation
d2 W
dr2

1 dW

+r

dr

−

iα2
R2

A

(3.9)

W=μ

To solve this Bessel’s equation, the following coordinate transformation is employed:
x 2 y " + xy ′ + (x 2 − n2 )y = 0

The solution of Eq. (3.10) is obtained as:

y = GJn (x) + HYn (x)
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n≥0

(3.10)

(3.11)
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The expressions for G and H are given below:
J0 (x) = 1 −

𝑌𝑌0 (𝑥𝑥) =

x4
x6
x2
+
−
+⋯
22 22 ∗ 42 22 ∗ 42 ∗ 62

2
𝑥𝑥
2 𝑥𝑥 2
𝑥𝑥 4
1
𝑥𝑥 6
1 1
�ln � � + 𝛾𝛾� ∗ 𝐽𝐽0 (𝑥𝑥) + { 2 − 2
�1
+
�
+
∗ �1 + + � − ⋯ }
2
2
2
2
𝜋𝜋
2
𝜋𝜋 2
2 ∗4
2
2 ∗4 ∗6
2 3

where 𝛾𝛾 = 0.57722 …

(3.12)

The coordinate transformation used in Eq. (3.9) is:
3

r2

r

r2

η2 = i3 α2 R2 = −iα2 R2

η = i2 α R ,

(3.13)

After applying the coordinate transformation, Eq. (3.9) becomes:
η2

d2 W
dη2

+η

dW
dη

A R2

+ η2 W = η2 μ α2 i

(3.14)

To solve Eq. (3.14), we first solve the homogeneous part and then the particular part, the
particular part of the solution is obtained as:
A R2

(3.15)

Wp = μ α2 i

The complete solution of Eq. (3.14) is obtained as:

A R2

(3.16)

W = Wh + Wp = GJ0 (η) + HY0 (η) + μ α2 i

The boundary conditions are applied at r = 0 and r =R as:
3

(3.17)

W(r = R) = W �η = i2 α� = 0

(3.18)

W(r = 0) = W(η = 0) < ∞

Given H = 0, 𝑌𝑌0 (η = 0) = ∞, another boundary condition is:
3

A R2

GJ0 �i2 α� + μ α2 i = 0

A R2

→

G = − μ α2 i
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1

3

J0 (i2 α)

(3.19)
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Thus,
A R2

W(r) = − μ α2 i

3

r
R

J0 �i2 α �
3

J0 �i2 α�

A R2

3

r
R

J0 �i2 α �

A R2

+ μ α2 i = μ α2 i[1 −

3

J0 �i2 α�

(3.20)

]

To simplify the expression of W(r) in Eq. (3.20), we define a new variable as:
3

(3.21)

Λ = 𝑖𝑖 2 𝛼𝛼

Then

W(r) =

A R2
μ α2

i[1 −

The longitudinal component of velocity is given by:

3

ρω

where Λ = i2 α and α = � μ R

w(r, t) =

−4

[1 −
Λ2

r
R

J0 �Λ �
J0 (Λ)
r
R

J0 (Λ )
J0 (Λ)

]

(3.22)

]eiωt

(3.23)

Normalizing w by the centerline value gives:
w(r,t)

w
� (r, t) = w

s (r=0)

=

4μw(r,t)
−ks R2

4i

= −α2 �1 −

r
R

J0 �Λ �
J0 (Λ)

�e

iωt

=

−4
Λ2

�1 −

r
R

J0 �Λ �
J0 (Λ)

� eiωt

(3.24)

Now we consider Womersley’s deformable wall theory, The Navier-Stokes equations for radial
and longitudinal velocity components are the given by:
∂u
∂t

∂u

∂u

∂2 u

1 ∂p

1 ∂u

u

∂2 u

+ �u ∂r + w ∂z � = − ρ ∂r + ν[ ∂r2 + r ∂r − r2 + ∂z2 ]

∂w
∂t

+ �u

The continuity equation is:

∂w
∂r

∂w

1 ∂p

∂2 w

1 ∂w

+ w ∂z � = − ρ ∂z + ν[ ∂r2 + r
∂u
∂r

u

+r+

∂w
∂z
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=0

∂r

+

∂2 w
∂z2

]

(3.25)
(3.26)

(3.27)
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For solution of velocity and pressure field, we assume that (1) the length of the propagating wave
is much longer than the tube radius and (2) the wave speed is higher than the longitudinal
velocity, i.e.
R w

≪1

(3.28)

c0 = �2ρR

Eh

(3.29)

w

(3.30)

,

L c

Wave speed from Moen-Korteweg formula for inviscid flow is given by:

Since E = 4 ∗ 106 dyn/cm2 , h = 0.3 cm, c0 = 450 cm/s, and w
� = 25 cm/s,
c0

25

= 400 = 0.055 ≪ 1

Based on these assumptions, the velocity field and pressure field can be expressed as:
z

u(r, z, t) = u1 (r)eiω(t−c)

z

w(r, z, t) = w1 (r)eiω(t−c)
z

Thus the continuity equation becomes:
∂u
∂r

Neglecting the non-linear terms:
∂2 u
∂z2

∂2 w
∂z2

ω2

(3.33)

�
u

(3.34)

u

+r+

∂w
∂z

u� =

∂t

ωRw
c

z

∂2 u

z

∂2 w

1 ∂p

∂2 u

The momentum equations are:

ω

→R− cw=0

= − c2 w1 (r)eiω�t−c� ≪
∂u

(3.32)

p(r, z, t) = p1 (r)eiω(t−c)

= − c2 u1 (r)eiω�t−c� ≪
ω2

(3.31)

∂r2

∂r2

=

=

∂2 u1 (r) iω�t−z�
c
e
∂r2

∂2 w1 (r) iω�t−z�
c
e
∂r2

1 ∂u

u

= − ρ ∂r + ν[ ∂r2 + r ∂r − r2 ]
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(3.35)

(3.36)
(3.37)

(3.38)
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∂w
∂t

∂2 w

1 ∂p

1 ∂w

= − ρ ∂z + ν[ ∂r2 + r

∂r

(3.39)

]

With the above simplifications of continuity and momentum equations, the velocity and pressure
perturbation equations become:
1 dp1 (r)

iωu1 (r) = − ρ

dr

iω

+ ν[

d2 u1 (r)
dr2

d2 w1 (r)

iωw1 (r) = cρ p1 (r) + ν[
du1 (r)

+

dr

u1 (r)
r

To simplify, define the following variables:
𝛼𝛼 == ��

ρω
� R,
μ

d2 u1 (η)

1 du1 (η)

−

iω
c

1 du1 (r)

+r

dr2

dr

3

+

η

d2 w1 (η)

dη

3

η = i2 α

dη2

+

du1 (η)
dη

1

+

u1 (η)

iΛ dp1 (η)

η

1

dη

+ w1 (η) = ρc p1 (η)

−

iωR
cΛ

]

]

(3.40)
(3.41)
(3.42)

r
r
=Λ
R
R

− �1 − η2 � u1 (η) = ρωR

1 dw1 (η)
η dη

r2

dr

w1 (r) = 0

Λ = i2 α,

u1 (r)

1 dw1 (r)

+r

The momentum and continuity equations are then simplified as:
dη2

−

w1 (η) = 0

(3.43)
(3.44)
(3.45)

Since the vessel wall is deformable, the boundary condition applied at r = R and r = 0 become:
3

u1 �αi2 � = 0

(3.46)

|u1 (0)| < ∞

(3.48)

3

w1 �αi2 � = 0

(3.47)

|w1 (0)| < ∞

(3.49)

The solutions with the boundary conditions are:
χ

Rχ

χ

u1 (η) = G Λ J1 (η) + H μ(iα2 +χ2 ) J1 (Λ η)
45

(3.50)
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Rχ

χ

(3.51)

w1 (η) = GJ0 (η) + H μ(iα2 +χ2 ) J0 (Λ η)
χ

where χ =
Since χ ∼

iωR
R
L

c

(3.52)

p1 (η) = HJ0 (R η)

.
r

r

1

r

iωR

J1 (η) + H 2ρc2

≪ 1, J0 �χ R� ≈ 1 and J1 �χ R� ≈ 2 χ R, the above solutions are simplified to:
u1 (r) = G

cΛ

iωr

1

(3.53)
(3.54)

w1 (r) = GJ0 (η) + H ρc

(3.55)

p1 (r) = H

G and H are constants which can be obtained using the boundary conditions at the vessel wall r =
R. Cauchy’s equation of motion is used to formulate vessel wall motion:
�⃑
∂2 u

ρs ∂t2 = ����⃑
B0 + ∇ ∙ T

(3.56)

𝜉𝜉
, where u
�⃑ = �0}, where 𝜉𝜉 and 𝜁𝜁 represent radial and longitudinal directions.
𝜁𝜁
The stress and strain relationship on the vessel walls is:
1

(3.57)

ε = E [(1 + σ)T − σTkk I]

Define Trr , Tθθ , and Tzz as the radial stress, circumferential stress and longitudinal stress, and
assuming Trr < Tθθ or Tzz,
1

εzz = E [(1 + σ)Tzz − σ(Tθθ + Tzz )] = 0 →
εθθ =

2π(R+ξ)−2πR
2πR

ξ

=R

Combine the above three equations, the new εθθ is given by:
1

ξ

εθθ = E [(1 + σ)Tθθ − σ(Tθθ + Tzz )] = R
46

→

Tzz = σTθθ

E

ξ

Tθθ = (1−σ2 ) R

(3.58)
(3.59)

(3.60)
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To simplify, define new variable B as:
E

(3.61)

B = (1−σ2 )

Thus

ξ

Tθθ = B R

If Trr < Tθθ or Tθθ ,

ξ

,

1

εθθ = E [(1 + σ)Tθθ − σ(Tθθ + Tzz )] = 0
∂ζ

(3.62)

Tzz = σB R
→

1

εzz = ∂z = E [(1 + σ)Tzz − σ(Tθθ + Tzz )] = 0
∂ζ

Tθθ = σB ∂z

,

→

∂ζ

Tzz = B ∂z

Tθθ = σTzz
E

(3.63)
∂ζ

Tzz = (1−σ2 ) ∂z

(3.64)
(3.65)

By superposition of the above two stress formulas with the specific assumptions mentioned
above, the stress functions are:
ξ

∂ζ

Tθθ = B(R + σ ∂z)

ξ

,

∂ζ

(3.66)

Tzz = B(σ R + ∂z)

For thin walls, r ≈ R, h ≪ R where h represents thickness, the divergence stress tensor is given

by:

(∇ ∙ T)r =
Thus,

Trr −Tθθ
r

+

∂Trr
∂r

(∇ ∙ T)z =

1 ∂Tθr

+r

∂θ

1 ∂

+

∂Tzr
∂z

1 ∂Tθz

(rTrz ) + r
r ∂r
∂2 ξ
∂t2

∂2 ξ
∂t2

=
=

Br
ρs

Br
ρs

=−

∂θ

+

Tθθ
r

∂Tzz
∂z

B ξ

∂ζ

|r=R = − R (R + σ ∂z)
σ ∂ξ

∂2 ζ

= B(R ∂z + ∂z2 )

(3.67)
(3.68)

B

ξ

σ ∂ζ

(3.69)

B

ξ

σ ∂ζ

(3.70)

− ρs (R2 + R ∂z)
− ρs (R2 + R ∂z)

Body force is related with stresses in radial and longitudinal directions:
p

Br = h

,

τ

Bz = − h
47

(3.71)

48
, where velocity field and shear stress are:
vr
u
v = � 0 } = �0}
vz
w

(3.72)

∂u

∂w

τ = τrz = τzr = ρv( ∂z +

, where 𝜈𝜈 is the kinematic viscosity. Thus,

τ

Bz = − h = −

ρv ∂u
h

( ∂z +

∂r

∂w
∂r

Therefore, equation of motion for vessel walls are given by:
∂2 ξ
∂2 ζ
∂t2

∂t2

p

B

ξ

ρ v ∂u

(3.74)

)|r=R

σ ∂ζ

= ρs h − ρs (R2 + R ∂z)

= − ρs h � ∂z +

(3.73)

)

∂w

B

(3.75)
∂2 ξ

σ ∂ζ

(3.76)

� |r=R + ρs (R ∂z + ∂z2 )
∂r

In order to get the final solution, solid and fluid domains need to be coupled together to consider
the interaction factors.
The pressure on the vessel wall is:
z

p(r, z, t) = Heiω(t−c)

The radial momentum equation:
∂2 ξ
∂t2

∂2 ζ
∂t2

z

H

B

ξ

(3.77)

∂ζ

= ρs h eiω(t−c) − ρs R (R + σ ∂z)
ρ v ∂w

B

(3.78)

∂2 ζ

σ ∂ξ

(3.79)

= − ρs h � ∂r � |r=R + ρs (R ∂z + ∂z2 )

Combine together to get the gradient:
∂w

∂

Λ

Rχ

χ

z

( ∂r )|r=R = ∂r (GJ0 �R r� + H μ(iα2 +χ2 ) J0 (R r)|r=R eiω(t−c)

(3.80)

With previous approximation, the gradient equation of w can be simplified as:
∂w

Similarly,

( ∂r )|r=R = (−

GΛJ1 (Λ)
R

ω2 R

z

+ H 2ρc3 )eiω(t−c)
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(3.81)

49
∂2 ζ

1

� ∂r � |r=R = − ρs h �−

μGΛJ1 (Λ)
R

+

μHω2 R
2ρc3

z

B

σ ∂ξ

∂2 ζ

� eiω�t−c� + ρs (R ∂z + ∂z2 )

(3.82)

Constant G and H can be determined by applying the boundary conditions in both radial and
longitudinal directions:
Radial:
z

ξ(z, t) = Keiω(t−c)
∂ξ

(3.84)

= u(R, z, t)

∂t

Longitudinal:

(3.83)

z

ζ(z, t) = Neiω(t−c)
∂ζ
∂t

(3.85)
(3.86)

= w(R, z, t)

Combined with previous solutions of 𝜁𝜁 and 𝜉𝜉, coupled solutions with boundary conditions are:
H

B

K

−ω2 K = ρs h − ρs R (R + σ(
1

−ω2 N = − ρs h �−

μΛJ1 (Λ)
R

iωK =

G+

μω2 R
2ρc3

iωRJ1 (Λ)
cΛ

−iω
c

(3.87)

)N)

B

σ −iω

H� + ρs (R �
iωR

G + 2ρc2 H

c

�K −

1

ω2
c2

N)

(3.88)
(3.89)
(3.90)

iωN = J0 (Λ)G + ρc H

Since in the first expression, −ω2 K is way smaller than the righthand side of the equation, it is
neglected; and in the second equation, the term
c 3 , thus simplifications are:

H

B

μω2 R
2ρc3

K

is approximated to 0 since it is divided by

0 = ρs h − ρs R (R + σ(

−ω2 N =

μΛJ1 (Λ)
ρs hR

B

−iω

)N)

σ −iω

G + ρs (R �
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c

c

�K −

(3.91)
ω2
c2

N)

(3.92)
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iωK =

iωRJ1 (Λ)
cΛ

iωR

(3.93)

1

(3.94)

G + 2ρc2 H

iωN = J0 (Λ)G + ρc H

The next step is to establish equations for constants of wave speed c and constants G, N, and K.
Matrix expansion of the equations is used to determine these constants.
Since det�aij � = 0,

[(g − 1)(σ2 − 1)]ν2 + �

Bh

, where ν = ρRc2, and g =

2J1 (Λ)
.
ΛJ0 (Λ)

ρs h
ρR

1

(g − 1) + �2σ − � g − 2� ν +
2

2ρs h
ρR

+g=0

(3.95)

Eh

For inviscid flow, c0 2 = 2ρR, thus
Thus,

2Eh

2

ν = 2(1−σ2 )ρRc2 = (1−σ2 )

c0 2

(3.96)

c2

2

(3.97)

c = �(1−σ2 )ν c0

From previous expression,

z

z

p(r, z, t) = p1 (r)eiω(t−c) = Heiω(t−c)

(3.98)

The solutions for the constants are:

1
2+ν(2σ−1)
[ ν(g−2σ) ]H
(Λ)
0

G = ρcJ

i

2−ν(1−g)

R

g+σν(g−1)

N = ρcω [ ν(2σ−g) ]H
K = ρc2 [

ν(g−2σ)

]H

(3.99)
(3.100)
(3.101)

Using superposition of the steady and oscillatory component of the wave propagation, the
velocity and pressure field can be expressed as follows:
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Pressure Field:
z

Longitudinal Velocity Field:

p(r, z, t) = Heiω(t−c) + p0 + k s (z − z0 )
k

H

w(r, z, t) = 4μs (r 2 − R2 ) + ρc [1 − M

r
R

z

J0 (Λ )
J0

(3.102)

]eiω(t−c)
(Λ)

(3.103)

Radial Velocity Field:
w(r, z, t) =

HiωR r
2ρc2

[R − M

r
R

2J1 (Λ )
ΛJ0 (Λ)

z

]eiω(t−c)

(3.104)

ic

where H = ω A . For more explicit explanation of Womersley Theory formulation for a
deformable tube, please refer to Reference [1].

Figure 3.1 gives the total pressure at different cross sections of the tube as a function of
time at t = 0, 1/4, 1/2, 3/4 and 1T: Figure 3.2 gives the longitudinal velocity profiles showing the
periodicity of the velocity field in space and time at t = 0, 1/4, 1/2, 3/4 and 1T. Figure3.3 shows
the radial velocity profiles at t = 0, 1/4, 1/2, 3/4 and 1T.
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Figure 3.1: Total pressure at different cross sections of the tube as a function of time at t =
0, 1/4, 1/2, 3/4 and 1T, where T is the time period of pulsating flow
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Longitudinal Velocity Profiles
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Figure 3.2: Longitudinal velocity profiles showing the periodicity of the velocity in space
and time at t = 0, 1/4, 1/2, 3/4 and 1T
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Radial Velocity Profiles at the Vessel Wall (r=R) at t=0
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Figure 3.3: Radial velocity profiles at t = 0, 1/4, 1/2, 3/4 and 1T

3.2.2 CFD Simulations
The 3D geometry of flexible tube is constructed using CAD software SolidWorks. The
tube of the healthy model (without stenosis) is a long cylindrical flexible tube. The length of the
tube is 12.6 cm and the radius of the tube is 0.3 cm. For the case of stenosis artery, the area
reduction part is implanted at a distance of 2.5 cm from the inlet. The cylinder is first made with
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surface hollowed inside. After importing it into ANSYS Fluent, Thin function is used to create
thickness representing the artery wall. The Fill function is applied to create the blood flow fluid
domain inside the cylinder. Boolean function is used to create FSI interface. The name selection
creation is done within Geometry tab in ANSYS Fluent. Figure 3.4 shows the 3D models for the
simplified flexible tube. The fluid domain and the solid domain (artery walls) are both meshed
with 0.5 mm mesh size.

Figure 3.4: 3D healthy artery and stenosed artery models with dimensions and name
selections created using CAD software SolidWorks
The density of the blood is set at 1060 kg/m3 and the viscosity is set at 0.0035 kg/(m ∗ s).

The density of the artery wall is set at 1070 kg/m3 . For steady blood flow simulation, inlet

velocity is set at 3.16 m/s for healthy artery model, and outlet pressure is set at 11066 Pa; for
stenosis model, the inlet velocity is set at 0.76 m/s.
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3.3 Results
The simulation results for steady blood flow with deformable artery walls are obtained in
two categories: (1) healthy artery case and (2) stenosed artery case. The stenosed artery model is
made with an area reduction of 70% at a cross section that is 2.5 cm from the inlet. The wall
shear stress, pressure and velocity contours, and the total deformation, normal elastic strain, and
normal stress contours for both the healthy artery and stenosed artery are shown in Figs. 3.5-3.10.
For the healthy artery case, the maximum pressure at the inlet plane, middle cross section
plane, and outlet plane are 13447.7 Pa, 13321 Pa, 13208.7 Pa respectively. The maximum
velocity at inlet plane, middle cross section plane, and outlet plane are 0.322919 m/s, 0.492592
m/s, 0.512782 m/s respectively. The average pressure at inlet plane, middle cross section plane,
and outlet plane are 13447.4 Pa, 13320.9 Pa, 13208.7 Pa respectively, and the average velocity at
inlet plane, middle cross section plane, and outlet plane are 0.292191 m/s, 0.31771 m/s,
0.320347 m/s respectively.
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Figure 3.5: (1) Wall shear stress, (2) pressure, (3) velocity contours for healthy artery model
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Figure 3.6: (1) Total deformation, (2) normal elastic strain, and (3) normal stress contours
for healthy artery model

Figure 3.7: Velocity contours for (1) healthy artery model, (2) stenosed artery model
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For the thrombosis case, the maximum pressure at inlet plane, thrombosis cross section
plane (area reduction part), middle cross section plane, and outlet plane are 15101.2 Pa, 13401.1
Pa, 13581.8 Pa, and 13348.9 Pa respectively. The maximum velocity at the inlet plane,
thrombosis cross section plane (area reduction part), middle cross section plane, and outlet plane
are 0.351043 m/s, 1.81081 m/s, 0.570725 m/s, 0.51009 m/s respectively. The average pressure at
the inlet plane, thrombosis cross section plane (area reduction part), middle cross section plane,
and outlet plane are 15100.9 Pa, 13374.8 Pa, 13581.7 Pa, and 13348.9 Pa respectively. The
average velocity at the inlet plane, thrombosis cross section plane (area reduction part), middle
cross section plane, and outlet plane are 0.291542 m/s, 1.58695 m/s, 0.321332 m/s, 0.314195 m/s
respectively.

Figure 3.8: Pressure contours of the stenosed artery model
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Figure 3.9 (1) Pressure contours and (2) wall shear stress contours of stenosed artery model

Figure 3.10: (1) Total deformation, (2) normal elastic strain, and (3) normal stress contours
of the stenosed artery model
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3.4 Conclusions
The average and maximum values of pressure and velocity are exported in Microsoft Excel
for validation of results by comparing them with coupled momentum method [1, 2]. As shown
in Table 3.2, the average pressure matches with the pressure in Reference [2] quite well except
the outlet average velocity has 26.187% difference. However, the maximum velocity exhibits a
larger percent difference than in Reference [2], which is nearly 30% different. This is because
the reference paper applied the coupled momentum method and the blood flow is pulsatile
instead of steady flow. The pressure and velocity values are approximated from Reference [1]
since the average and maximum values are only presented in graphs.
For this relatively simple stenosis geometry, high velocity blood flow appears at the stenosis
location (75% area reduction) where the maximum velocity is 1.81 m/s and the average velocity
is 1.59 m/s. The average pressure drop between the inlet and the stenosis location is 206.9 Pa,
which is 1.523% drop in average pressure.
Since the artery is deformable with E= 4 ∗ 106 dyn/cm2 and ρ = 1 g/cm3 , the stenosed

artery has the maximum total deformation at the location of area reduction, which is 0.53 mm.
This total deformation is 84.86% greater than in the healthy artery whose maximum total
deformation is 0.08 mm. The maximum normal elastic strain for the stenosed artery (0.3376
mm/mm) is 75.9% greater than that of the healthy artery (0.081 mm/mm). Similarly, the
maximum normal stress for the stenosed artery (0.13518 MPa) is 76.3% greater than that of the
healthy artery (0.032 MPa). The distribution of normal elastic strain and normal stress are on
average outside the stenosis location but are concentrated in the stenosis location.
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Table 3.1: Computed Average and maximum pressure and velocity values and their
comparison with those from Couple Momentum Method for pulsatile flow from Ref. [1]
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Chapter 4 Simulation and Validation of Fluid
Structure Interaction on a Cantilever Plate
4.1 Introduction
Fluid-structure interaction (FSI) is the interaction of a deformable structure with a moving
or oscillatory dynamic fluid domain. It studies the strain and deformation of the structure as well
as fluid forces and stress changes on the structure due to the fluid motion. The fluid forces
interact with the structure and the deformed structure interacts with the fluid to create a two-way
coupling which requires solution of both fluid dynamics and structural dynamics equations in a
fully coupled manner or in a weakly coupled way normally using the time varying system
settings. It occurs in wide variety of applications ranging from flexible wind turbine blades [1],
masonry structures [2], fracture mechanics and magneto-elastic analysis [3], birds and insects
propulsion [4], heart valves [5], and flutter on aircraft wings [6] among others. With rapid
development in computational technology, it is now possible to study FSI on very complex
configurations involving complex fluids as well as materials for structures. Simulations can be
conducted using a single code or in some cases multiple codes. In this paper, FSI on a
cantilevered plate due to fluid induced forces is studied using the ANSYS Fluent CFD solver,
CFD POST and ANSYS Static structural solver as part of a single code.

4.2 Computational Methodology
The models include a wind tunnel, a cantilevered plate and a metal rod. The wind tunnel
model is created according to FLOTEK 1440 wind tunnel parameters. The wind tunnel is
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consisted with three parts: front inlet, test section and back outlet. The square face of the front
part has a cross section of 105.6cm * 105.6cm, the test section is 91.44cm long and a square
cross section of 30.48cm * 30.48cm. The back section is 270cm long. The dimensions are shown
below. This model is created within SolidWorks by first creating several reference planes for
different cross section faces with distance of the component length. Multiple 2D planes of inlet,
both sides of test section, outlet cross section faces are created on the corresponding reference
planes. Then, each two sets of faces are connected using Loft function with adjustment of a
proper curvature for wall surface for enough smoothness. The model is created also with Surface
Extrusion function for parts that are symmetrically rectangular. Then inlet and outlet are Surface
Filled in order to export into ANSYS Fluent. All SolidWorks files are saved as Step files before
exporting into Ansys Workbench. Similarly, cantilevered plate and metal rod are made with
simple Extrusion function. The cantilevered plate is attached on a rod using Mate function in
SolidWorks and the rod is mounted on a surface from the inner test section of the wind tunnel.
The cantilevered plate is 152.4mm*50.8mm*50.61mm. Figures 4.1-4.3 show the dimension of
the wind tunnel with a unit of cm, physical 3D models of the wind tunnel and rod and plate
within ANSYS geometry module.

Figure 4.1: Dimension of FLOTEK 1440 wind tunnel model, unit: cm
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Figure 4.2: Physical 3D model of FLOTEK 1440 wind tunnel

Figure 4.3: 3D aluminum cantilevered plate model with a steel rod
The model is then meshed using ANSYS Fluent. The whole wind tunnel body is meshed
with element sizing of 40 mm. The plate is meshed with 10mm element sizing. The element
number being meshed is 153,857, and the nodes number is 29,590. Figure 4.4 shows the picture
of mesh part. Test section is meshed with much finer grid quality than the rest since this is the
interaction part and needs high accuracy of mesh quality. Another part of setup method is
material selection. Proper materials should be assigned to different parts of the model in order to
simulate the real experimental scenario. Materials can be selected from the ANSYS Workbench
Engineering Material Database, or it can be created by hand with self-defined material properties
such as Young’s modulus, yield strength, tensile strength and so on. The cantilevered plate is set
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as Aluminum alloy 6061-T6 with Young’s modulus of 69,071 MPa and yield strength of 259.2
MPa. The rod is set as structural steel with tensile strength of 250 MPa.

Figure 4.4: Mesh inside the wind tunnel model, the test section has finer mesh
The wind speed at the test section is set to 10m/s, 15m/s, 25m/s and 30m/s separately with
the variety of Reynolds numbers for test purposes. The model and simulation mode are set as
viscous standard k-omega mode. The air density is set as 1.15kg/m3 , and the viscosity is
= 1.7894 ∗ 10−5 kg/m3 . The wall shear condition is specified and set with standard roughness
model of 0.5 roughness constant. Reynolds number is calculated as:
Re =

ρuD
μ

, where D =

4Ad
Pd

.

4.3 Simulation Results
In order to get detailed information for fluid solid interaction, normal strain, normal stress
and total deformation are calculated with ANSYS Post Results and ANSYS Static Structural.
The results are presented with categories of (1) angle of attack = 45°, (2) angle of attack = 28°.
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4.3.1 Angle of Attack = 45 °

(A) Normal Elastic Micro Strains
The normal elastic micro strain along the plate at different Reynolds numbers is shown in
Fig. 4.5. The maximum normal elastic strain values appear at positions close to first 15% of the
rod. The distribution of high strain area is concentrated and distributed in the first half of the
plate. As moving from leading edge to trailing edge on the plate, the normal elastic strain value
decreases till it drops down to almost zero at the trailing edge.
As Reynolds number increases from 98000 to 246000, the maximum normal elastic micro
strain also increases from 498.7 micro- mm/mm to 867.3 micro mm/mm. The magnitude of the
normal elastic strain decreases abruptly from the start of the plate to 30% of the plate, and the
trend becomes relatively smooth after 30% of the plate. With Reynolds number increasing from
Re=98,000 to Re = 147,000, the increase is 27.9%; from Re = 147,000 to Re = 198,000, the
increase is 21%; but from Re = 198,000 to Re = 246,000, the increase drops to only 12.6%.

Figure 4.5: Normal strain contours at α=45°, (A) normal strain at Re=246000, (B) normal
strain at Re=198000, (C) normal strain at Re=147000, (D) normal strain at Re=98000
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(B) Normal Stress
The normal stress distribution is very similar to normal elastic micro strain distribution as
shown in Fig. 4.6. Maximum normal stress appears in the front 15-20% part of the plate. Normal
stress decreases to zero at the trailing edge of the plate. With Reynolds number increasing from
98000 to 246000, the maximum normal stress increases from 40.77 MPa to 51.43 MPa, 61.39
MPa to 68.8 MPa. From Re = 98,000 to Re = 147,000, the increase is 36%; from Re = 147,000 to
Re = 198,000, the increase is 160%; but from Re = 198,000 to Re = 246,000, the increase drops
to only 50%.

Figure: 4.6: Normal stress contours at α = 45° for (A) Re = 246,000, (B) Re = 198,000,
(C) Re = 147,000 and (D) Re = 98,000

(C) Total Deformation
The total deformation distribution of the plate is given in Fig. 4.7. The magnitude of total
deformation is increasing from leading edge to trailing edge. Interestingly, in the front 30% part
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of the plate, nearly no deformation occurs. In the rest 70% of the plate, the deformation increases
relatively at a linear pace. The maximum deformation appears at the trailing edge and the lower
tip of the plate. The trend of Re=98000 is symmetrically different than the rest shown in the
following figure. The maximum total deformation occurs at Re=246000 where the magnitude is
10.86 mm. From Re=98,000 to Re = 147,000, the increase is 110%; from Re = 147,000 to Re =
198,000, the increase is 53%; but from Re = 198,000 to Re = 246,000, the increase drops to only
23%.

Figure: 4.7: Total deformation contours at α = 45° for (A) Re = 246,000, (B) Re = 198,000,
(C) Re = 147,000, and (D) Re = 98,000

4.3.2 Angle of Attack = 28 °

(A) Normal Elastic Micro Strains
Compared to 𝛼𝛼 = 45°, the normal elastic appears with the similar trend but with smaller

magnitude. However, the maximum total deformation appears much more evenly and
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symmetrically distributed at near the trailing edge of the plate. The normal strain is distributed
with maximum value on the front 5% part of the plate as shown in Fig. 4.8.

Figure: 4.8: Normal strain contours at α = 28° for (A) Re = 246,000, (B) Re = 198,000, (C)
Re = 147,000, and (D) Re =98,000
The normal micro strain values for both 𝛼𝛼 = 45° and 𝛼𝛼 = 28° are shown in Tables 4.1-4.4 at

the end of this section. The strains are taken at 5%, 25%, 50%, 75% and 100% distance along the
plate. Both the normal elastic strain and normal stress show very similar distribution. The
maximum values both appear in the front part close to the leading edge. But the distribution for

𝛼𝛼 = 28° are somehow different for the distribution for 𝛼𝛼 = 45°. The concentrated maximum
strain and stress regions are much centrally concentrated for 𝛼𝛼 = 28° while more separately at
upper and lower part for 𝛼𝛼 = 45°.

From Re =9 8,000 to Re = 147,000, the increase is 61%; from Re = 147,000 to Re = 198,000,

the increase is 57%; but from Re = 198,000 to Re = 246,000, the increase drops to only 53%.
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(B) Normal Stress
Both normal elastic strain and normal stress show very similar distribution as shown in Fig.
4.9 below. The maximum values for both appear in lower part close to the leading edge. But
stress distribution for α = 28° is quite different from stress distribution for α = 45°. The
concentrated maximum strain and stress regions are much narrower for α = 28° case compared to
α = 45°case. Also, the stress values at each location along the plate at various Reynolds numbers
decrease more than 90% when α = 45° changes to α = 28°. From Re = 98,000 to Re = 147,000,
the increase is 150%; from Re = 147,000 to Re = 198,000, the increase is 54%; but from Re =
198,000 to Re = 246,000, the increase drops to 47%. The results are shown in Tables 4.2-4.4.

Figure: 4.9: Normal stress contours at α = 28o for (A) Re=246,000, (B) Re = 198,000,
(C) Re = 147,000 and (D) Re = 98,000

(C) Total Deformation
The total deformation distribution is similar between α = 45° and α = 28°. But distribution

for 𝛼𝛼 = 28° is more symmetrical and more evenly distributed. From Re = 98,000 to Re =
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147,000, the increase is 153%; from Re = 147,000 to Re = 198,000, the increase is 63%; but
from Re = 198,000 to Re = 246,000, the increase drops to 52% as shown in Fig. 4.10.

Figure: 4.10: Total deformation contours at α = 28° for (A) Re=246,000, (B) Re=198,000,
(C) Re=147,000, and (D) Re=98,000
The normal elastic strain decreases almost exponentially with distance along the plate for
both angles of attacks. The slope and curvature for α = 28° are sharply decreasing at a faster rate.

The maximum deformation along the plate increases with increasing Reynolds numbers. The
increasing trend for 𝛼𝛼 = 45° is quite obvious as shown Fig. 4.11.
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Maximum Deformation Along the Plate vs Distance Along the Plate
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Figure: 4.11: Maximum deformation along the plate at different Reynolds numbers; circle
denotes angle of attack of 45o and square denotes angle of attack of 28o
The graph of normal stress vs. distance along the plate is shown in Figs. 4.12 -4.14. Similar to
normal strain results, the trend matches quite well between normal strain and normal stress.
Normal Stress Along the Plate vs Distance Along the Plate for 45 Degree Angle of Attack Plate
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Figure: 4.12: Normal stress along the plate at 45o angles of attack at various Reynolds
numbers
73

74

Normal Stress Along the Plate vs Distance Along the Plate for 28 Degree Angle of Attack Plate
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Figure: 4.13: Normal stress along the plate at 28o angles of attack at various Reynolds
numbers
Normal Elastic Micro Strain vs Distance Along the Plate for 45 Degree Angle of Attack Plate
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Normal Elastic Micro Strain vs Distance Along the Plate for 28 Degree Angle of Attack Plate
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Figure: 4.14: Normal elastic micro strain along the plate at 45o angles of attack and 28o
angle of attack; the graph below shows smaller magnitude of strain but sharper slope
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The validation of computations with experimental data in Reference [8] is shown in Tables
4.1-4.4. As can be observed, the displacement values match quite closely for 45o angle of attack,
and not so well with 28o angle of attack case with maximum difference of 20%. Another
interesting comparison is that for the angle of attack decreasing from 45 to 28, normal stress and
normal elastic strain both decrease by 80-90%. Total deformation decreases more than 150%
with Re greater than 198,000, but decreases only 25% for Re less than 147,000.
Table 4.1: Maximum displacement comparison with data in Ref. [8] at 450 angle of attack
and 280 angles of attack at all Reynolds numbers

Table 4.2: Total displacement, normal strain and normal stress at Reynolds number from
98000 to 246000 at 5%, 25%, 50%, 75% and 100% distance along the plate for α = 45o
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Table 4.3 Total displacement, normal strain and normal stress at Reynolds number from
98000 to 246000 at 5%, 25%, 50%, 75% and 100% distance along the plate for α = 28o

Table 4.4 Normal strain variation, normal stress variation and normal stress variation on
the plate for angle of attack decreasing from 45o to 28o at different Reynolds numbers

4.4 Conclusions
In this research, the numerical simulations of fluid structure interaction on a cantilevered
plate are conducted. The 3D plate model is meshed and analyzed using ANSYS Fluent and CFD
76

77
POST with ANSYS Static Structural Analysis code. The simulations are in good agreement with
experiments conducted in FLOTEK 1440 wind tunnel for normal strain, normal stress and
deformation at four different Reynolds numbers and two angles of attack. It is shown that when
the plate experiences fluid-induced forces, Reynolds number and angle of attack both affect the
strain, stress and deformation of the plate. The strain, stress and maximum deformation and their
distribution on the plate are closely related to the Reynolds number and angles of attack.
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Chapter 5 Conclusions
This thesis describes the results of research on three topics: (1) CFD Modeling of Blood
Flow in a Bidirectional Glenn Shunt (BGS) and a Combined Glenn and Blalock-Taussig Shunt
BT), (2) Simulation of Pulsatile Blood Flow in a Flexible Tube, and (3) Simulation and
Validation of Fluid Structure Interaction on a Cantilever Plate. The results on first topic show the
influence of mBTS and HHA BTS in addition to BGS on flow in left and right pulmonary artery.
Wall shear stress and velocity distributions are compared in six models considered. Inclusion of
a BTS into left pulmonary artery (LPA) increases the WSS within local areas of LPA, and flow
velocity distribution changes due to high velocity flow and vortices are created, but the WSS
increase is within moderate range and the right pulmonary artery has a decrease of WSS
distribution. Optimized HHA BT shunt results show more equal velocity and flow rates as well
as lower WSS distribution in left and right pulmonary arteries. The actual shunt procedure may
depend on the patient’s conditions. Factors such as pulmonary artery geometry shape, stenosis
curvature and resistance of endothelial surface may also determine the locations to supplement
the blood flow with the BT shunt in addition to BGS. Overall, it is demonstrated that optimized
HHA BT shunt is more effective in achieving the desired outcomes. Future work may include
clinical and computational studies of flow effects in patients with BGS supplemented by BT
shunt connected to SVC. On the second topic of flow in a flexible tube, FSI simulations were
conducted in a healthy and stenosed deformable artery. Womersley’s deformable wall theory
was introduced and analytical solutions were obtained for a healthy artery. The computed FSI
results for both healthy and stenosed artery were validated against those obtained from coupled
momentum theory. It was shown that the results in velocity and pressure values with steady
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blood flow were very close to Coupled Momentum Method results with pulsatile blood flow.
The computations showed that stenosis and abnormal artery shapes can result in huge spike in
velocity and pressure distribution which can be detrimental to patients. Future work can include
validation and application of Coupled Momentum Method to pulsatile blood flow with waveform
of the heart in deformable arteries with realistic patient specific 3D artery models. On the third
topic of research on FSI of a cantilevered plate made of 6061-T6 Aluminum, numerical
simulations showed good agreement with experimental data for normal micro-strain, normal
stress and deformation for large variations in Reynolds number and angles of attack.
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